During higher primate evolution, gene conversion seems to have occurred often between the red and green photopigment genes, which are tandemly linked on the X chromosome. To understand this phenomenon better, intron 4 sequences of the red and green pigment genes of a male human (an Asian Indian), a male chimpanzee, and a male baboon were amplified by PCR and sequenced. The data show that the intron 4 sequences between the two genes have been strongly or completely homogenized in the three species studied. Apparently recent gene conversion events have occurred in introns 4 of the red and green pigment genes in humans and chimpanzees. Two or more conversion events may have occurred at different times in introns 4 of the two pigment genes in baboons. The divergence between the two genes is significantly lower in intron 4 than in exons 4 and 5 in each species, contrary to the usual situation that introns evolve faster than exons. It is most likely that strong natural selection for maintaining the distinct functions of exons 4 and 5 of the red and green pigment genes has acted against sequence homogenization of these exons.
Introduction
Old World monkeys (OWM), apes, and humans are trichromatic (Jacobs 1993) , owing to their possession of three color photopigments:
the short-wave (blue), middle-wave (green), and long-wave (red) pigments. The gene encoding the blue pigment is autosomal, whereas the genes for the green and red pigments are tandemly arrayed on the X chromosome (Nathans, Thomas, and Hogness 1986) . The latter two genes are believed to have arisen from a gene duplication before the separation of the human-ape lineage from the OWM lineage, but after the separation of the OWM-ape-human lineage from the New World monkeys, which possess only one X-linked and one autosomal pigment gene. Therefore, it was surprising to see that the similarity in exons 4 and 5 was lower between the two X-linked pigment genes in OWMs (paralogous comparison) than between the OWM and human red (or green) pigment genes (orthologous comparison) (Ibbotson et al. 1992 ). Gene conversion was suggested as the explanation for the observation. In humans, Winderickx et al. (1993) found evidence for frequent gene conversion in coding regions between the red and green pigment genes. Later, the intron 2 and intron 4 sequences of the red and green pigment genes from a human (a European) provided clear-cut evidence that gene conversion events have occurred in both introns between the two genes during human evolution (Shyue et al. 1994) .
Of particular interest is that the intron 4 sequences of the red and green pigment genes from the individual mentioned above were completely identical, pointing to a very recent gene conversion event. However, it was unknown whether the conversion event occurred in that individual, or a common ancestor of Europeans, or an even earlier hominid ancestor. We therefore sequenced introns 4 of the red and green pigment genes from a male Asian Indian. Since gene conversion seems to have occurred often between the red and green pigment genes during higher primate evolution, we were curious to know whether it has also occurred between introns 4 of the red and green pigment genes in apes and in Old World monkeys. Therefore, we also obtained intron 4 sequences of the two genes from a male chimpanzee and a male baboon.
Materials and Methods

DNA Sample Sources
Human genomic DNA was extracted from a blood sample from a male Asian Indian with normal color vision. Genomic DNA of a male chimpanzee (Pan troglodytes) was a gift from Dr. Robert E. Ferrell, University of Pittsburgh, and genomic DNA was extracted from the liver tissue of a male baboon (Papio cynocephalus), provided by the Southwest Foundation for Biomedical Research, San Antonio, Texas.
PCR Amplification,
Cloning, and Sequencing
To amplify introns 4 of the X-linked pigment genes from the studied species, two primers were synthesized based on regions of exon 4 (positions 590-610, 5'-ACGGCCTGAAGACTTCATGCG-3') and exon 5 (positions 793-8 15, 5'-ACCACCAGCATGCGCGTCAC-TTC-3') that are identical in both the human red and green pigment genes, with positions referring to the cDNA coding sequences (Nathans, Thomas, and Hogness 1986) . PCR was carried out in 50 p.L reaction mixture containing 10 mM TrisHCl (pH 9.0), 50 mM KCI, 0.1% Triton X-100, 1.5 mM MgCl,, 120 pM dNTP 1 unit of Tuq DNA polymerase (Promega), and 50 ng of each primer. The sequences were amplified from 200 ng of genomic DNA from each sample with 5 min hot start at 94°C and subsequently 30 cycles of 94°C (1 min), 60°C (1 min), and 72°C (2.5 min), and an additional cycle with 5 min at 72°C. The PCR product was reamplified under the same conditions if the yield was low.
The amplified DNA fragments from each species were extracted directly from the PCR reaction mixture or a low-melting agarose gel using the Magic PCR Preps kit (Promega), and cloned into EcoRV-digested pBluescript SK+ TA cloning vector. The ligations were then used to transform competent Escherichia coli XL lBlue cells.
Plasmid DNA for sequencing was purified with the Wizard Minipreps kit (Promega). For each species, several cloned PCR products were sequenced using the 5 PCR primer to identify whether the intron 4 sequence was of the red or green pigment gene, according to several regions in exon 4 that are "red"-or "green"-specific. For each type of intron 4, at least three clones and both strands of DNA were sequenced using synthetic oligonucleotide primers. The sequences that were identical in more than two clones of each intron 4 were chosen and used in our statistical analysis.
Results and Discussion
Intron 4 Sequences of X-Linked Pigment Genes
Since there are only a few differences in exons 4 and 5 between the red and green pigment genes in human (Nathans, Thomas, and Hogness 1986), chimpanzee , and OWM (Ibbotson et al. 1992 ), we amplified, using the same PCR primer pair, the intron 4 sequences of both genes in each species, and several positive clones were sequenced. The identification of the "red" or "green" intron 4 clones in human and chimpanzee was based on the red-or green-pigment-specific nucleotides in exons 4 of the published human and chimpanzee sequences. For baboon, there were no sequence data available from the two genes, so the pigment-specific nucleotides in exons 4 of human were initially used to identify the gene represented by the intron 4 clone from baboon. Exons 5 of the baboon red and green pigment genes were later amplified using a putative baboon "red"-or "green''-specific primer corresponding to a region in intron 4 (5'-GTTAAGGGAT-CAGGTGAA-3' or 5'-GTTAAGGGATTTAGGTGAC-3' for the red or green pigment genes, respectively) and a common primer corresponding to the 3' end of exon 5 (positions 936-955, 5'-AAGTGCCACTATCTA-CAACC-3') that is identical in both the human red and green pigment genes. The PCR products were sequenced directly. Two different amino acid residues at positions 277 and 285, which contribute to the spectral differences between the red and green pigments (Neitz, Neitz, and Jacobs 1991) , were found in exon 5 of the corresponding red or green pigment gene of baboon as expected. The partial sequences of exons 4 (positions 661-745) and partial sequences of exons 5 (positions 746-882) of the two genes of baboon are identical to the corresponding consensus sequences of exons 4 and 5 of six OWM species (Ibbotson et al. 1992) . Therefore, they were use in our statistical analysis.
The intron 4 sequences of the red and green pigment genes from the human and chimpanzee individuals studied are 1,552 bp long, while both are 1,524 bp long in the baboon. No insertions or deletions (indels) were found between the human and chimpanzee sequences, whereas nine indels were inferred between the baboon NOTE.-G and R represent the green and red pigment genes, respectively. Exon 4 and exon 5 sequences of human and chimpanzee are from Nathans, Thomas, and Hogness (1986) and Deeb et al. (19941, respectively . All other sequences are from this study. The K value is the number of substitutions per 100 sites and was computed by Kimura's two-parameter method (Kimura lY80), and the K, and K, values are the numbers of substitutions per 100 synonymous siter and per 100 nonsynonymous sites, respectively, and were computed by Li's method (Li 1993). and the human and chimpanzee sequences. The intron 4 sequences of human, chimpanzee, and baboon, and the partial exon 4 and 5 sequences of the baboon were submitted to GenBank under accession nos. U45947-u45954.
Evolution of X-Linked Pigment Genes in Higher Primates
In humans the numbers of red and green photopigment genes vary among individuals, and individuals with multiple green pigment genes located downstream of the red pigment gene appear to be common (Nathans, Thomas, and Hogness 1986; Neitz and Neitz 1995) . In the individuals we studied, the numbers of red and green genes were unknown. However, there was almost no sequence variation in the intron 4 clones of either red or green pigment genes from human (with normal color vision), chimpanzee, and baboon. The few sequence differences that appeared in different clones of the same genes (2-3 bp out of 1,552 bp for human, O-1 bp out of 1,552 bp for chimpanzee, and l-5 bp out of 1,524 bp for baboon) might be from different genes or might be PCR artifacts. Table 1 shows the sequence divergences in intron 4 between the red and green pigment genes of human, chimpanzee, and baboon. The intron 4 sequences of the red and green pigment genes of the male Asian Indian are identical to each other and to the two sequences of the European individual studied by Shyue et al. (1994) . Therefore, the putative gene conversion event or events in intron 4 between the red and green pigment genes probably occurred before the divergence between the European and Asian Indian populations. The divergence in intron 4 is 1.0 % 0.3 (per 100 sites) between the chimpanzee and human red pigment genes, and 1 .l -C 0.3 between the chimpanzee and human green pigment genes. In contrast, the divergence in intron 4 between 782 Zhou and Li the chimpanzee red and green pigment genes is only 0.3 -+ 0.1, significantly lower than the between-species divergence as compared to the standard errors of the estimates. Similarly, the divergence in intron 4 between the baboon red and green pigment genes (K = 0.9 ? 0.2) is significantly lower than those between baboon and human (K = 7.1 + 0.7 for the red pigment genes, and K = 7.3 -+ 0.7 for the green pigment genes) and between baboon and chimpanzee (K = 7.5 2 0.7 for the red pigment genes, and K = 7.8 2 0.8 for the green pigment genes). The interspecies sequence divergences between human and chimpanzee, human and baboon, and chimpanzee and baboon in intron 4 are, respectively, slightly lower than those of the autosomal -q-globin nseudogene between human and chimpanzee (K = 1.33 i 0.26), human and rhesus (OWM) (K = 7.31 + 0.63), and chimpanzee and rhesus (K = 7.87 + 0.66) (Li and Tanimura-1987) . These observations are consistent with the expectation of a slower rate in an X-linked sequence than in an autosomal sequence (Shimmin, Chang, and Li 1993) . Therefore, the high similarities between the intron 4 sequences of the two genes in each of the three species studied suggest that the two introns in each of these species have been strongly or completely homogenized. Apparently, gene conversion events have occurred in intron 4 between the red and green pigment genes not only in humans, but also in apes and Old World monkeys.
It is possible that some of the putative gene conversion events in intron 4 also involved either or both of the adjacent exons, which are only about one tenth the length of intron 4. Moreover, previous studies have indicated conversion events in exons in humans (Winderickx et al. 1993; Shyue et al. 1994) and OWMs (Ibbotson et al. 1992) . However, intron 4 has been much more strongly homogenized than have the adjacent exons. A comparison of the K value in intron 4 and the KS and KA values in the adjacent exons (exon 4 + exon 5) (table 1) shows that in chimpanzee, similar to that in human, the sequence divergence in intron 4 (K = 0.003 + 0.001) is significantly lower than that in their adjacent exons (KS = 0.066 + 0.035 and KA= 0.051 ? 0.018). In baboon, the divergence in intron 4 (K = 0.009 + 0.002) is also significantly lower than the synonymous (KS = 0.115 + 0.05 1) and nonsynonymous (KA= 0.05 1 + 0.018) divergences in exons 4 and 5. These observations are contrary to the fact that introns usually evolve faster than exons (see Li and Graur 1991) . The K,,, value in exons 4 and 5 of the red and green pigment genes in the same species is significantly higher than that of the red (or green) pigment genes between any two of the three species, consistent with the assumption that the red and green pigment genes diverged before the divergence between the OWM and the ape-human lineages. Therefore, in exons 4 and 5, the two genes are distinct. The most likely explanation of the above results is that natural selection for maintaining the distinct functions of exons 4 and 5 of the red and green pigment genes has acted against sequence homogenization, despite the fact that the intron 4 sequences of the two genes in these species have been strongly or even completely homogenized. Homogenization of exon 4 or 5 between the red and green pigment genes would reduce the spectral differences between the two genes; this would be disadvantageous to its carriers, and the mutant haplotype would eventually be eliminated from the population.
As shown in table 1, the divergence in intron 4 between the red and green pigment genes is lowest in humans (0.000 -C 0.000 from either the European or the Asian Indian individual studied), intermediate in chimpanzees (0.003 -+ 0.001) and highest in baboons (0.009 + 0.002). In the case of humans, the two introns are completely identical and can be assumed to have been homogenized recently. The homogenization mechanism in this case and in the following two cases is more likely to be gene conversion than unequal crossing over because only intron 4, not exons 4 and 5, has been homogenized. However, the number of conversion events may be more than one because there may be multiple red and green pigment genes (Neitz and Neitz 1995) and because the region involved in a conversion event may be small; in yeast, it may be from a few to several hundred base pairs (see Fogel and Mortimer 1969; Borts and Haber 1987) . In the case of chimpanzees, there are four nucleotide differences between the two introns (two consecutive differences at positions 128 and 129, one at position 363, and one at position 1244); the homogenization may have involved more than one conversion event, and would have occurred earlier than that in the human because of a higher sequence divergence. Finally, in the case of baboons, there are 13 differences between the two introns, of which four are in the first 1,195 nucleotides and nine are in the last 330 nucleotides. Therefore, the divergence at the 3' end (9/330 = 0.027) is almost 10 times that at the 5' end (411195 = 0.003), and at least two conversion events may have occurred; it is possible that the 5' ends of the two introns were homogenized by a recent conversion event, while
The data presented in this paper show clearly that gene conversion has occurred frequently in intron 4 between X-linked color vision genes in higher primates. It is possible that gene conversion has also occurred frequently between the three alleles at the X-linked color vision locus in New World monkeys (NWM). Therefore, the higher sequence similarity in intron 4 (or intron 2) between the three alleles in a NWM species than that between the alleles in different NWM species may not be due to a recent (independent) origin of the triallelic system in that species, but due to homogenization of alleles. For this reason, the independent or multiple origin hypothesis (Shyue et al. 1995) should be considered with caution and the possibility that the triallelic systems in the squirrel monkey and marmoset share a common origin (i.e., the single-origin hypothesis) cannot be excluded.
